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thousands of tonnes of CFCs entered
the atmosphere from air conditioners
and refrigerators. CFCs may persist
for years before breaking down, and
each chlorine atom in CFCs can
destroy many thousand ozone (O

3
)

molecules.
Near the ground, ozone is often

part of urban smog, but ozone in the
stratosphere benefits living things
below. Its absorption spectrum has a
peak in the UV-B wavelengths emit-
ted by the sun, so most UV-B never
reaches ground level (Figure 1).

More than a billion years ago,
earth’s atmosphere grew rich in

figure 1 Wavelengths of sunlight reaching earth. Light important
to plants and animals is measured in nanometres (nm); one billion (109)
nm = 1 m. Infrared rays (750–25 000 nm) are sensed as heat. Visible
light (400–750 nm) includes the colours seen in the rainbow, and is used
by plants in photosynthesis. Ultraviolet (UV) light is divided into UV-A
(320–400 nm), which gives us suntans; UV-B (290–320 nm), which
gives us sunburns; and UV-C (1–290 nm), which is dangerous to living
cells. Most UV-B and all UV-C is currently screened out by the ozone
layer. (Figure adapted from Physicochemical and Environmental Plant
Physiology, P.S. Nobel, Academic Press, San Diego, 1991, page 238.
Used with permission.)

Introduction: The Problem

Earth’s natural ozone layer in the
upper atmosphere is under attack
from synthetic chemicals. These
include chlorofluorocarbons (CFCs),
which were used widely before 1987
when the Montreal Protocol outlawed
their manufacture. Before this ban,
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figure 2 UV-B research greenhouse at
Glyn Road Research Station in Victoria.

“British Columbia’s forests underpin
its economy. Will increased levels
of UV-B harm our commercially
important trees? If so, how?”





oxygen and the ozone layer ap-
peared. Since then life has evolved
under a UV-B shadow. Recent
increases in UV-B levels may have
many consequences for living
things. UV-B, twice as energetic
as visible red light, can alter DNA,
destroy proteins, bleach pigments,
and cause tissue burns.

Research Aims

General:

• Systematically estimate risks of
increased UV-B radiation for
British Columbia trees.

• Support forest management
strategies to minimize such risks

Tests Done

UV-B doses applied in greenhouse
chambers (Figures 2, 4):

• 0 (no UV-B)
• 4 (ambient or normal for

Victoria)
• 8 (ambient for northern

California)
• 12 (ambient for near equator)

units are  kiloJoules of energy
per square metre per day of 6
hours ( kJ m-2 d-1 )

Species tested (Figure ):

• Western hemlock (Hw)
(Tsuga heterophylla)

• Yellow-cedar (Cy)
(Chamaecyparis nootkatensis)

• Western redcedar (Cwr)
(Thuja plicata)

• Sitka spruce (Ss)
(Picea sitchensis)

• Engelmann spruce (Se)
(Picea engelmannii)

• Interior spruce (Si)
(Picea glauca x engelmannii)

• Interior and coastal Douglas-fir
(Fdi, Fdc)
(Pseudotsuga menziesii var.
glauca and menziesii)

• Lodgepole pine (Pli)
(Pinus contorta var. latifolia)

• Western larch (Lw)
(Larix occidentalis)

• Grand fir (Bg) (Abies grandis)
• Paper birch (Bp)

(Betula papyrifera)

and sustain growth and fibre
production.

Specific:

• Determine if increased UV-B
doses change the growth and
physiology of young trees.

• Grow and test seedlings from
different sources and relate
damage to source locations.

• Determine how UV-B resistance
varies in each species.

• Estimate risks of decreased
growth and increased damage
to British Columbia conifer and
hardwood seedlings from pre-
dicted increases in UV-B caused
by ozone loss.

figure 3 Locations of some seed sources used in UV-B testing.
Several species of British Columbia trees were tested from
different locations across the province. For species codes, see
list of species tested.

figure 4 Seedlings were exposed
to 6 hours of UV-B each day in
specially designed chambers in a
greenhouse.





Tree responses measured:

• shape and size
• pigment levels
• response to heating and freezing

Seed sources were selected from
different elevations and latitudes,
to cover a wide range of source
environments in British Columbia.
Seedlings varied in age from newly
germinated to 1 year old. UV-B
exposure lasted 6– 20 weeks.

Results

Seedlings of several species
changed dramatically in size and
shape as UV-B dose increased
(Figures 5, 6). For coastal Doug-
las-fir, lower doses of UV-B
caused misshapen needles; higher
doses were lethal. For western
hemlock and Engelmann spruce,
high UV-B levels reduced seed-
ling height by one-third (Figure 7).
Yellow-cedar exposed to high
UV-B doses retained juvenile
foliage instead of maturing, and
western larch grew increasingly
twisted, corkscrewed needles with
increasing UV-B dose.

Paper birch, the only hard-
wood tested to date, developed
leaves with striking differences in
morphology when grown at 4 or
12 kJ UV-B m-2 d-1. At the high
UV-B level, leaves were smaller,
curled upwards, had more ser-
rated edges, and had bumpy
wart-like surfaces (Figure 8).
They sometimes developed yel-
low spotting between the veins.

Not all species were so sensi-
tive. Western redcedar, lodgepole
pine, interior Douglas-fir, and
Sitka spruce showed minor or
less obvious changes in size and
shape (Figure 9).  Moreover, seed
sources from high elevations were

figure 6 Engelmann spruce
seedlings grown at 0 (left) and
12 kJ UV-B m-2 d-1. These seedlings
were from low elevation.

figure 8 Paper birch seedlings
grown at 4 kJ UV-B m-2 d-1 (on left)
had large flat leaves. Those grown
at 12 kJ UV-B m-2 d-1 (on right) had
smaller bumpy leaves with serrated
curled margins.

figure 5 Western larch seedlings grown with no UV-B (on left) had long
straight needles. Those grown at 12 kJ UV-B m-2 d-1 (on right) had shorter
twisted needles.

less affected by increased UV-B
exposure. There are two explana-
tions for this. Solar radiation,
including UV-B, increases with
altitude; upland trees may have
developed natural UV-B protec-
tion. Alternatively, upland trees are
hardier. That is, they have more
response options to any environ-
mental stress, not only to UV-B.

Some of these other stresses
were applied to seedlings grown at
the four doses of UV-B. Heating
and freezing tests are important
because of global warming, which
may subject the forests of tomor-
row not only to more UV-B, but
also to greater temperature spans.
In these stress tests, some species
even did better with more UV-B.

figure 7 Western hemlock seedling
height after 4 months of UV-B expo-
sure. Each bar is the average of 135
seedlings, ± one standard error.





Western hemlock and Sitka
spruce seedlings tolerated 40°C
heat better when grown at triple
the ambient UV-B levels. Another
surprise involved western redcedar,
one of British Columbia’s most
valuable tree species.  Small in-
creases in UV-B boosted this spe-
cies’ freezing tolerance by up to
one-quarter. But the biggest sur-
prise came with lodgepole pine and
Engelmann spruce. With each
increase in the UV-B dose they
were grown under, these two

high-elevation species increased in
frost hardiness (Figure 10).

Surprisingly, few changes were
detected in the pigments that act as
sunscreens (flavonoids) in conifer
needles. However, there were
changes in the photosynthetic
pigments, chlorophylls a and b.
Chlorophyll a and b increased
significantly with increasing UV-B
in 1-year-old yellow-cedar seed-
lings, while chlorophyll a decreased
considerably between 4 and 12 kJ
UV-B m-2 d-1 in 5-month-old west-
ern hemlock seedlings (Figure 11).
However, the very shade-tolerant
western hemlock seedlings had
much more chlorophyll than
yellow-cedar even at the highest
UV-B level. As with the morpho-
logical and stress responses, it
seems that each species and some-
times each seed source responds to
UV-B in its own way.

Conclusions

Some species and seed sources of
British Columbia tree seedlings are
sensitive to increased UV-B levels

figure 10 Freezing tolerance
of Engelmann spruce seedlings
at -13°C on September 11, after
4 months of UV-B exposure. The
higher the bar, the more frost
tolerant. Each bar is the average
of 45 seedlings, ± one standard
error.

figure 11 The photosynthetic
pigment Chlorophyll a increased
with increasing UV-B in yellow-
cedar (yellow bars) but decreased
at higher UV-B levels in western
hemlock (green bars). Each bar is
the average of 9 (yellow-cedar)
or 27 (western hemlock) seedlings,
± one standard error.

figure 9 From left, lodgepole pine,
interior Douglas-fir, western hem-
lock, and Engelmann spruce grown
at 0 (four seedlings on left) or 12 kJ
UV-B m-2 d-1. Only the hemlock and
spruce showed obvious morphologi-
cal changes with increased UV-B.

and show pronounced changes in
growth, morphology, and stress
resistance. Other species appear to
be much more resistant to UV-B,
showing few changes. This variety
of responses among and within
species will help researchers and
forest managers in finding solu-
tions to dealing with future in-
creases in UV-B levels and their
impacts on forest ecosystems.
Making appropriate choices using
genecology and silviculture can
help minimize the risk of UV-B
damage to forest productivity.
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“Trees, like people, may fare
better under moderate stress.”
Dr. Wolfgang Binder
UV-B Project Leader
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